Background: Colorectal cancer (CRC) is one of the leading causes of cancer-related death in China. Dysregulation of microRNAs (miRNAs) is involved in cancer development and progression. Our previous study showed an inverse relationship between miR-193a-3p expression and the prognosis of CRC. However, the exact biological functions of miR193a-3p in CRC are still poorly understood. This study aimed to explore the role and mechanism of miR-193a-3p in CRC. Methods: Real-time PCR and Western blotting were used to examine the expression levels of RNA and protein, respectively. A dual luciferase assay was performed to validate predicted targets of miR-193a-3p. Loss and gain-of-function studies were carried out to reveal the effects and potential mechanism of the miR-193a-3p in the proliferation, metastasis and angiogenesis of CRC cells. Results: The expression levels of miR-193a-3p in human CRC cell lines were significantly decreased compared with that in normal colonic epithelium cell line. Furthermore, plasminogen activator urokinase (PLAU) was validated as a direct target gene of miR-193a-3p. Overexpression of miR-193a-3p inhibited proliferation, migration and angiogenesis of HT-29 cell, whereas forced expression of PLAU could rescue the inhibitory effects. Conclusion: miR-193a-3p might inhibit CRC cell growth, migration and angiogenesis partly through targeting PLAU. MiR-193a-3p/PLAU axis might provide a potent therapeutic opportunity for aggressive CRC.
Introduction
Recently, there is a pleasant change of incidence and mortality in some gastrointestinal (GI) malignant tumors such as gastric, esophageal and liver cancers in both sexes in China. However, colorectal cancer (CRC), the third most common cancer worldwide, did not show same parallel trend and manifested the opposite direction. 1 From 2000 to 2011, a significant upward tendency in age-standardized incidence and mortality rates of CRC was observed especially in men, which ranked NO.1. 2 Despite intensive efforts being made, the improvement of survival rate of CRC patients is still limited, and our knowledge of the molecular mechanisms that lead to the development and progression of CRC remains largely unknown. 3, 4 Therefore, it is an urgent need to elucidate the exact intrinsic mechanism of the tumorgenesis of CRC including genetic and epigenetic alterations and then innovative early diagnosis and treatment algorithms.
MicroRNAs (miRNAs), a class of small non-coding RNA molecules, play critical roles in a variety of biological events, including development, cell proliferation and differentiation through regulating their target genes expression by binding to the 3′-un-translated region (UTR). 5, 6 As a result, it is not surprising that miRNAs can widely involve in human diseases. Emerging evidence has now demonstrated that aberrantly expressed miRNAs have critical implications with regard to the initiation and progression of various types of cancers. 7, 8, 10, 14 Dysregulation of miR-193a-3p, a gene located on human chromosome 17q11.2 (chr17:31,558,803-31,560,358), has been found involved in several cancers including CRC. [9] [10] [11] Besides the oncogenic role being reported only in a relatively very few studies, 12 almost the vast majority of published data pointed toward a role of miR-193a-3p as tumor suppressor in both solid and blood cancers by targeting targets with potential oncogenic functions to act its tumor cell aggressive inhibiting properties. [13] [14] [15] [16] [17] This contradiction phenomenon also could be seen in studies focused on CRC. [18] [19] [20] Overexpression of miR-193a-3p inhibited colon cancer cell proliferation and induce apoptosis. 19 However, Yong et al 18 reported that miR-193a-3p was upregulated in both tissue and blood samples and its expression level was increased with disease progression. The role of miR-193a-3p in CRC may be dependent on the cellular context. Our previous study revealed that miR-193a-3p was downregulated in CRC tissues and was associated with the prognosis of CRC patients. 21 Therefore, the exact underlying molecular mechanisms of miR-193a-3p in CRC are still need well characterized. Plasminogen activator urokinase (PLAU), also known as urokinase plasminogen activator (uPA), codes a serine protease which can bind to its receptor and then promote a proteolytic cascade to convert these proteases into their active forms which can confer tumor cells with the ability to degrade the components of the surrounding extracellular matrix (ECM). [22] [23] [24] As a result, PLAU can involve in tumor cell migration, invasion as well as metastasis as a key player. 25, 26 However, the biological role of PLAU and its inter mechanisms in CRC remain unclear.
In this study, miR-193a-3p was found downregulated in CRC cells and forced over-expression of miR-193a-3p inhibited HT-29 cells proliferation, migration as well as angiogenesis. Moreover, PLAU was identified as a directed target of miR-193a-3p. Taken together, we suggested that miR-193a-3p might serve as a tumor suppressor in CRC and miR-193a-3p/PLAU axis might be a potential candidate for the treatment of CRC.
Materials and methods

Cell lines and cell culture
Three CRC cell lines including HT29, HCT116 and LOVO, one normal colonic epithelium cell line NCM460 and human umbilical vein endothelial cells (HUVEC) were purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). The HT29 and LOVO cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, CA, USA), while HCT116 and NCM460 cells were cultured in 1640 medium supplemented with 10% fetal bovine serum (FBS; Invitrogen, CA, USA) and 1% glutamine at 37°C with 5% CO 2 .
Total RNA isolation and quantitative real-time PCR (qPCR)
Total RNAs of three CRC cells and NCM460 cells were isolated using TRIzol reagent respectively (Takara, Tokyo, Japan) according to the manufacturer's instructions. For miR-193a-3p, reverse transcription reactions were performed with an All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia, MD, USA) to obtain the complementary DNA (cDNA) templates. The qPCR was performed in an iQ5 Real-Time PCR Detection Systems (Bio-Rad, CA, USA) using All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia, MD, USA). The relative expression levels of miR-193a-3p were normalized to the expression level of human actin beta (hACTB). The PCR primes for miR-193a-3p and hACTB are as follows: miR-193a-3p: forward: 5ʹ-AACTGGCCTACAAAGTCC CAGT-3, and the reverse primer was provided in the Allin-One™ miRNA qRT-PCR Detection Kit. hACTB: forward: 5′GGCACTCTTCCAGCCTTCC-3′, reverse:5′-GA GCCGCCGATCCACAC-3′. The data analyses were performed using the 2 −ΔΔCt method.
miRNA mimics, inhibitor, PLAU plasmid and siRNA transfection
MiR-193a-3p mimics, inhibitor and negative control (NC) were purchased from GenePharma (Shanghai, China) and pcDNA3.1-PLAU, and blank vector were purchased from Genecreat (Wuhan, China). The siRNA sequence targeting the human PLAU cDNA was designed and synthesized by GenePharma (Shanghai, China). The cancer genome atlas (TCGA) database bioinformatics analysis
The Gene Expression Profiling Interactive Analysis (GEPIA) database was used to examine PLAU expression in CRC. 27 A total of 275 colon adenocarcinoma (COAD) and 349 normal tissues data obtained from the TCGA database were enrolled in this study to examine whether any significant differences in PLAU expression existed between normal and colon cancer tissues. Fold change >1.5 and P-value <0.05 between the tumor and normal tissues were considered as significant.
Cell proliferation assays
The effect of miR-193a-3p on growth of HT-29 cell line was carried out as previously described. Briefly, HT-29 cells (5×10 3 /well) were seeded into a 96-well plate at a density of 5×10 3 /well in triplicate. At 1, 2, 3, 4 and 5 days after incubation, cell proliferation was assessed by using cell counting kit-8 assay (CCK-8; Dojindo, Kumamoto, Japan) according to the manufacturer's instructions. Absorbance was measured at 450 nm using a MultiskanMK3 microplate reader (Thermo Fisher Scientific, MA, USA).
Transwell assay
To detect the migratory capability, 8×10 5 HT-29 cells/well were seeded into a transwell apparatus (Corning, NY, USA) with the serum-free medium. Relatively, medium containing 10% serum functioned as a chemoattractant in the lower chamber. After incubation for 48 hrs, the stained cells were photographed and counted by a microscope.
Tube formation assay
HUVECs (4×10 4 cells) were suspended in culture supernatants of HT-29 cells and DMEM containing 10% FBS (100 µL), and then seeded into a 96-well plate precoated with 50 µL/well Matrigel Basement Membrane Matrix (BD Biosciences, NJ, USA). HUVECs were cultured in 100 µL DMEM at 37°C for 6 hrs. Images were taken using a bright-field microscope.
Western blotting
Briefly, cell pallets of each group were lysed in the RIPA buffer containing protease inhibitors and phosphatase inhibitors (Sigma, MO, USA). Proteins were extracted according to the manufacturer's instructions, and the concentration was determined by the Bradford assay. Thirty micrograms protein samples were separated on a sodium dodecylsulfate-polyacrylamide gelelectrophoresis(SDS-PAGE) and transferred to a 0.2 μm polyvinylidene difluoride membrane. The membrane was blocked in 5% non-fat milk. Membranes were incubated with primary antibodies against PLAU (1:1,000, Abcam, CA, USA) and tubulin (1:5,000, Abcam, CA, USA) overnight at 4°C. After washed 3 times with Tris-buffered saline (TBST), membranes were incubated with horseradish peroxidaseconjugatedanti-mouse or anti-rabbit IgG (1:5,000, Santa Cruz Biotechnology, CA, USA) for 2 hrs at room temperature, and then washed 3 times with TBST. The signal was visualized by an enhanced chemiluminescence solution (Amersham Pharmacia Biotech, Uppsala, Sweden).
Statistical analyses
All experiments were performed in triplicate, and statistical analyses were performed using SPSS 19.0 software (SPSS Inc., IL, USA). Data were presented as the means and error bars indicated the standard deviation (SD). A Student's t-test was used for the statistical comparison of data. One-way analysis of variance was used to compare differences between the means of three groups. Statistical differences were considered significantly if a P-value was less than 0.05.
Results
miR-193a-3p is downregulated in CRC cell lines
To confirm the expression of miR-193a-3p in CRC cells, qPCR was used to detect the expression levels of miR-193a-3p in HT29, HCT116 and LOVO cell lines as well as normal 
miR-193a-3p inhibits the proliferation, migration and angiogenesis of HT-29 cells
To determine the role of miR-193a-3p in regulating the progression of CRC, we performed gain and loss-offunction experiments, using miR-193a-3p mimics and inhibitor, respectively. The qPCR assays showed that miR-193a-3p was significantly upregulated or downregulated in HT29 cells transfected with miR-193a-3p mimics or inhibitor, respectively, in comparison to negative control transfection (Figure 2A , P<0.001 or P<0.01). CCK-8 assay was used to evaluate the effect of miR-193a-3p on the proliferation of HT29 cells. The data revealed that the proliferation rate was dramatically decreased in the miR193a-3p over-expression cells and increased in the miR193a-3p knockdown cells compared with the control group ( Figure 2B , P<0.01).
We further performed transwell assay to assess the effect of miR-193a-3p on migration in HT29 cells. As shown in Figure 2C , over-expression of miR-193a-3p significantly inhibited the migration ability of HT29 cells (P<0.001), while knockdown of miR-193a-3p promoted migration of HT-29 cells compared with the control group (P<0.001). Taken together, these data indicated that miR-193a-3p negatively regulates CRC cell proliferation and migration in vitro.
In addition, the effect of miR-193a-3p on angiogenic activity was evaluated using tube formation assay. As shown in Figure 2D , over-expression of miR-193a-3p significantly inhibited tube-like structure formation of HUVECs (P<0.001), while knockdown of miR-193a-3p led to promoting inhibited tube-like structure formation of HUVECs compared with the control group (P<0.001). This result indicates that miR-193a-3p suppresses the angiogenic activity of CRC cells.
PLAU is a direct target gene of miR-193a-3p
To clarify the underlying molecular mechanisms of miR-193a-3p in CRC, three miRNA target-prediction website TargetScan, picTar and miRnada were used to predict targets of miR-193a-3p. We found that PLAU was predicted as a potential target of miR-193a-3p. The 3ʹ-UTR of PLAU has a binding site for miR-193a-3p ( Figure 3A) . Dual luciferase assay showed that the luciferase activity of wild-type 3ʹ-UTR of PLAU was inhibited by miR-193a-3p, while that of mutant 3ʹ-UTR did not exhibit the same effect ( Figure 3B , P<0.001). These findings imply that miR-193a-3p may directly bind to the 3ʹ-UTR of PLAU and downregulate its expression at a post-transcriptional level. Subsequent Western blot analysis verified that the protein levels of PLAU were relatively higher in HT29 cells transfected with inhibitor and lower with mimic than that in control cells ( Figure 3C , P<0.01). Based on the above-mentioned results, we could conclude that PLAU was a direct target gene of miR-193a-3p in CRC cells.
PLAU enhances the proliferation, migration and angiogenic abilities of HT-29 cells
To explore the role of PLAU in the progression of CRC, we firstly analyzed the expression profiles data from TCGA database. The results revealed that the expression levels of PLAU in 274 colon adenocarcinoma were higher than those in 349 normal tissues ( Figure 4A, P<0.05) . Then, HT29 cells were transfected with pcDNA-PLAU encoding the full-length PLAU and siPLAU. The transfection and expression efficiency were confirmed by Western blot ( Figure 3C ). The ability of cell proliferation, migration and angiogenesis were assessed. CCK-8 assay showed that over-expression of PLAU significantly promoted cell proliferation ( Figure 4B , P<0.01), while knockdown of PLAU significantly inhibited cell proliferation compared with the inhibited control group (Figure 4B , P<0.01). In addition, the migration capacity of HT-29 cells was significantly enhanced by overexpression of PLAU ( Figure  4C , P<0.001). In contrast, the migration capacity of HT29 cells was remarkably suppressed by knockdown of PLAU ( Figure 4C , P<0.001). Tube formation assay revealed that 
PLAU is involved in the miR-193a-3p induced suppression of CRC cell growth, migration and angiogenesis
To further explore the functional connection between miR193a-3p and PLAU, HT29 cells were co-transfected with miR-193a-3p mimic and PLAU plasmid or blank vector. The suppressive effect of miR-193a-3p on cell proliferation rate could be abolished after co-transfected with miR193a-3p mimics and PLAU plasmid ( Figure 5A , P<0.05). Besides, the results of transwell assay showed that miR193a-3p over-expression significantly reduced the ability of cell migration, whereas cells co-transfected with miR193a-3 mimics and PLAU plasmid could counteract the suppressive effect ( Figure 5B , P<0.01). Moreover, few previous studies have linked the tumor suppressor miR193a-3p to changes in cell angiogenesis. In the present study, the tube formation assays results manifested that Taken together, these results suggested that the effects of miR-193a-3p appear to be due, at least in part, to downregulation of PLAU.
Discussion
Increasing evidences have indicated the pivotal role of miR-193a-3p in the initiation and progression of several cancers including CRC. [14] [15] [16] However, to the best of our knowledge, the underlying mechanisms of miR-193a-3p in CRC development are still poorly understood. Two studies from well-regarded groups reported that miR193a-3p was usually under-expressed in CRC cells and acting as a tumor suppressor. 17, 20 Our previous report extended their finding by identifying that decreased expression of miR-193a-3p was associated with poor prognosis in CRC. 21 In the current report, we intended to use established CRC cell lines to functionally explore the role of miR193a-3p in CRC metastasis. We initially confirmed that miR-193a-3p was significantly downregulated in all three CRC cell lines analyzed.
Moreover, we found that forced over-expression of miR-193a-3p not only significantly reduced the CRC cells' proliferation but also decreased their abilities of migration and angiogenesis. These results suggested the tumor suppressor role of miR-193a-3p in CRC.
It has been widely confirmed that miRNAs exert their functions by binding to their target genes. Previous researches have shown that miR-193a-3p could serve as a tumor suppressor via targeting several genes including cyclinD1, KRAS, as well as IL17RD and so on involved in diverse tumors. 13, 16, 19 Actually, for hsa-miR-193a-3p, bioinformatics approaches predicted 293 putative target genes with 168 displaying the highest score (cumulative of PLAU protein was found in the HT29 cells 48 hrs after transient expression of miR-193a-3p. It is worthy to point out that although our work is not the first to indicate PLAU as the miR-193a-3p target overall, we indeed provided direct evidence to demonstrate that miR-193a-3p can directly downregulate PLAU expression via a miR-193a-3p binding target in PLAU 3ʹ untranslated region.
PLAU, a serine proteinase secreted by many cancer cells including CRC cells, can bind to the urokinase-type plasminogen activator receptor (uPAR) and transform inactive plasmin and other proteases, including matrix metallopeptidase 9 (MMP9), into their active forms and then to stimulate tumor cell proliferation and adhesion. 24, 29 In particular, PLAU can accelerate tumor metastasis and promote tumor angiogenesis by degrading ECM and basement membranes such as laminin, fibronectin and collagen, allowing cells to migrate. 23, 30 It has been reported that the high level of PLAU indicates poor prognosis, and American Society Clinical Oncology (ASCO) has appealed that PLAU should act as risk assessment and a possible treatment target. 31 The important role of PLAU in cell proliferation and tumorigenesis has been well characterized. Tang et al found that downregulated uPA could cause notable decrease for the complete channels formed by SKOV-3 and OVCAR-3 cells. Their mechanism study further disclosed uPA could promote vasculogenic minicry (VM) formation through regulating AKT/mTOR/MMP-2/Laminin5γ2 signal pathway. They argued that PLAU might serve as therapeutic target of VM for ovarian cancer. 32 Moirangthem et al con-
firmed that simultaneous silencing of uPA and MMP9 in breast cancer cells decreased the wound healing, migratory, invasive and adhesive capacity of the cells. A remarkable increase in the expression of cell-to-cell adhesion molecule E-cadherin and decrease in Vimentin and Snail expression were also detected. 26 In the present study, through the TCGA analysis, PLAU was found over-expressed in CRC tissues in comparison to the normal controls, which indicates the functional oncogenic role of PLAU in the progression of CRC. Furthermore, we found the commonly upregulated PLAU expression through transfect with PLAU plasmid in HT29 cells could accelerate the cell proliferation, migration as well as angiogenesis potent while downregulation of this gene by using siRNA transfection could get reverse effect, which confirmed its tumorgenesis role in CRC. Previous study speculated that the interaction between uPA and uPAR results in the release of signaling molecules that stimulate cell proliferation/ survival and tumor development. 33 As a result, we could suggest that PLAU might involve in the tumor growth and metastasis in CRC. However, the exact downstream pathways need more investigation. Although miR-193a-3p was found as a negative regulator of PLAU in other human cancers and the high expression of miR-193a could strongly inhibit PLAU expression and decreased cell aggressive properties, relatively fewer studies focused on this topic in CRC was now found. [34] [35] [36] Thereafter, using a series of in vitro assays, we further investigated whether PLAU mediated the suppressive ability of miR-193a-3p in CRC cell. Encouragingly, our findings exhibited that over-expression of miR-193a-3p could reduce PLAU at protein levels, and inhibition of PLAU expression could simulate the suppressing effect of miR193a-3p mimic in HT-29 cells while upregulation of PLAU by transfecting with PLAU plasmid could reverse the decrease of proliferation, invasion and angiogenesis caused by miR-193a-3p mimic in vitro. Therefore, the present results might provide a novel and comprehensive insight into the functional role of miR-193a-3p in CRC by directly targeting PLAU.
Our understanding of the downstream of PLAU to drive tumor cell migration, metastasis and angiogenesis has advanced considerably in the last ten years, but our understanding of what occurs upstream of PLAU modulated mechanisms remains relatively limited. There have been findings which suggest that demethylation of the uPA promoter can be the mechanism responsible for induction of uPA expression in the initiation of early stages of breast cancer. 37 In our study, forced overexpression of PLAU in HT-29 cells could promote the cell capacity of proliferation, migration as well as angiogenesis. Moreover, using a series of in vitro assays, we also found the expression of PLAU could be regulated by miR-193a-3p and then PLAU could mediate the suppressive ability of miR-193a-3p in this CRC cell. Therefore, we argued that the promoting effects of miRNA deregulation might be a novel pivotal regulatory mechanism responsible for the induction of PLAU expression during CRC tumorigenesis.
In conclusion, our study manifested that miR-193a-3p expression was decreased in CRC cell lines, and upregulation of miR-193a-3p inhibited tumor development and progression in vitro through regulating cell growth, migration and angiogenesis partly through targeting the PLAU pathway. Although the exact role of miR-193a-3p/PLAU pathway in CRC needs furthermore investigated, these observations actually provided new evidence for targeting this newly identified regulatory signaling pathway which provides therapeutic opportunities for aggressive CRC.
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